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ABSTRACT
The morphology-density relationship states that dense cosmic environments such as galaxy clusters have an
overabundance of quiescent elliptical galaxies, but it is unclear at which redshift this relationship is first es-
tablished. We study the morphology of 4 clusters with 1.2<z<1.8 using HST imaging and the morphology
computation code STATMORPH. By comparing median morphology of cluster galaxies to CANDELS field
galaxies using Monte Carlo analysis, we find that 2 out of 4 clusters (at z=1.19 and z=1.75) have an estab-
lished morphology-density relationship with more than 3σ significance. ∼50% of galaxies in these clusters
are bulge-dominated compared to ∼30% in the field, and they are significantly more compact. This result is
more significant for low-mass galaxies with logM/M / 10.5, showing that low-mass galaxies are affected
the most in clusters. We also find an intriguing system of two z≈1.45 clusters at a unusually small separation
2D separation of 3′ and 3D separation of ≈73 Mpc that exhibit no morphology-density relationship but have
enhanced merger signatures. We conclude that the environmental mechanism responsible for the morphology-
density relationship is 1) already active as early as z=1.75, 2) forms compact, bulge-dominated galaxies and
3) affects primarily low-mass galaxies. However, there is a significant degree of intracluster variance that may
depend on the larger cosmological environment in which the cluster is embedded.
Keywords: Galaxy evolution (594), High-redshift galaxy clusters (2007), Galaxy classification systems (582)
1. INTRODUCTION
In the local Universe, the environment of a galaxy plays
a crucial role in its evolution. This has become known as
the morphology-density relationship: galaxy clusters, the
densest environments, are populated primarily by early-
type galaxies, while spiral galaxies are less common there
(Dressler 1980). Morphology of a galaxy is strongly corre-
lated with its star formation history (e.g., Larson et al. 1980;
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Strateva et al. 2001; Lee et al. 2013), and the vast majority of
cluster galaxies are quiescent.
However, it is important to understand the role of envi-
ronment at earlier times. The period of 1 < z < 3 is cru-
cial for galaxy evolution, as high-redshift galaxies undergo
dramatic changes to form their present-day descendants. At
z ∼ 3, massive galaxies are still predominantly star-forming
disks. Star formation rate (SFR) peaks at 1 < z < 2 and
then steadily drops across all populations of galaxies (Madau
& Dickinson 2014). During the 1 < z < 2 period, the frac-
tion of massive quiescent galaxies rapidly grows, reaching
80% at z = 1 (Muzzin et al. 2013; Buitrago et al. 2013). At
z > 1.5, this population consists primarily of compact quies-
cent galaxies (cQGs), which then grow to form larger early-
type galaxies (ETGs) we see today (Cassata et al. 2011, 2013;
van Dokkum et al. 2015; van der Wel et al. 2014). Multiple
formation mechanisms have been proposed for cQGs, includ-
ing mergers (e.g., Hopkins et al. 2009a; Wuyts et al. 2010;
Wellons et al. 2015) and violent disk instabilities (VDIs; e.g.,
Dekel & Burkert 2013; Zolotov et al. 2015). It is also during
this period that the cosmic web collapses sufficiently to form
dense clusters for the first time (Muldrew et al. 2015), and
morphology-density relationship must begin to establish.
Multiple environmental quenching mechanisms have been
proposed and observed in the local Universe, such as ram-
pressure stripping (Gunn & Gott 1972), harassment (Moore
et al. 1996), strangulation (Larson et al. 1980) and group pre-
processing (Wilman et al. 2008; Dressler et al. 2013). In ad-
dition, there is evidence of an enhanced merger rate in high-
redshift clusters (Lotz et al. 2013; Watson et al. 2019), so
quenching via mergers could also be more important in these
systems.
Yet, the influence of the environment on galaxy properties
at 1 < z < 3 is still highly disputed. Observational studies
of star formation in high-redshift clusters are few and often
conflicting. Multiple recent studies find a factor of 2-3 sup-
pression in star formation in z < 2 cluster galaxies (Quadri
et al. 2012; Cooke et al. 2016; Lee-Brown et al. 2017; Kaw-
inwanichakij et al. 2017; Strazzullo et al. 2019; van der Burg
et al. 2020), while Tran et al. (2010) find a reversal of SFR-
density relation at z = 1.62. Papovich et al. (2012) find that
cluster galaxies are, on average, larger than in the field, while
Newman et al. (2014) find no significant difference. Finally,
Brodwin et al. (2013) note a large degree of scatter from clus-
ter to cluster, making any generalizations difficult. A major
problem in making a statistical statement on environmental
influence is still a lack of data. Galaxy clusters are only be-
ginning to form at z > 1, they are difficult to identify and to
distinguish from protoclusters (Cautun et al. 2014; Muldrew
et al. 2015). Moreover, establishing cluster membership is
challenging at high redshifts. Finally, reliable morphology
metrics are difficult to compute at these redshifts, since high
resolution imaging is required.
With the advent of space-based telescopes alongside in-
creasing computational power, it has become easier to probe
higher redshifts at better spatial resolution. A big break-
through was the development of numerical morphology
estimates such as Se´rsic Index (Se´rsic 1963), and conse-
quent development of non-parametric statistics, such as Con-
centration, Asymmetry, Smoothness (Conselice 2003) and
Gini/M20 (Lotz et al. 2004). Numerical measurements have
made statistical analysis of large samples of high-redshift
galaxies much more computationally feasible. A large (120
sq. arcmin) area of the sky was observed with the Hubble
Space Telescope (HST) in the CANDELS survey (Grogin
et al. 2011; Koekemoer et al. 2011), and non-parametric mor-
phology parameters were computed for CANDELS galaxies
first by Peth et al. (2016) and consequently by Rodriguez-
Gomez (in prep.), using an open-source code STATMORPH
(Rodriguez-Gomez et al. 2019). However, morphological
studies of cluster galaxies are still few and often focus on a
smaller subset of traditional morphology parameters, such as
radius and Se´rsic index (e.g., Papovich et al. 2012; Buitrago
et al. 2013; Newman et al. 2014; Socolovsky et al. 2019). In
this work, we extend the analysis of morphology of 1<z<2
cluster galaxies to a wide range of structural parameters,
including Concentration, Gini and M20.
We study 4 clusters spectroscopically identified by Brod-
win et al. (2013) and references therein, and use public HST
data to probe the morphology of the cluster galaxies. We
show evidence for the existence of the morphology-density
relationship as early as z∼1.75, but also a significant vari-
ation from cluster to cluster. This variation highlights dif-
ferences in the formation process of individual clusters, and
upon further study may shed light on the mechanisms of
structure formation, as well as the timescale over which the
morphology-density relationship is established.
In Section 2, we describe the cluster and the field sam-
ples. In Section 3, we describe the morphological and sta-
tistical analysis performed in this study, including new bulge
strength and disturbance metrics derived in this paper using
Principal Component Analysis (PCA). Results of statistical
comparison of cluster galaxies to a control sample of CAN-
DELS field galaxies are shown in Section 4 and discussed in
Section 5. Finally, we present our conclusions in Section 6.
Throughout this work, to maintain consistency with photo-
metric redshifts from Brodwin et al. (2013), we use Wilkin-
son Microwave Anisotropy Probe 7 (WMAP 7) cosmology
with (ΩΛ,ΩM , h) = (0.728, 0.272, 0.704) (Komatsu et al.
2011).
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Table 1. Clusters used in this paper
Cluster z Nphot+spec(1) Nspec(2) NHST(3) Nflag(4) M14(5) R200 Filter texp SB Limit Ref.
(kpc) (s) (mag/arcsec2)
J1142+1527 1.19 121 5 107 4 11± 2 1400± 80 F140W 4988 26.1 G15
J1432.3+3253 1.40 172 19 30 0 – – F140W 11224 26.5 B13, Z13
J1432.4+3250 1.49 159 6 143 16 2.5± 0.5 760± 50 F160W(6) 2611 25.4 B11, B13
J1426.5+3508 1.75 46 7 45 1 4.5± 0.5 710± 45 F160W(6) 7558 25.8 S12, B16
(1)Number of cluster members identified in other works.
(2)Number of spectrosopic members
(3)Number of members in the HST imaging
(4)Number of members flagged by STATMORPH as having unreliable morphology
(5)Total cluster mass M/M = 1014M14
(6)Drizzled HST images obtained from the Hubble Legacy Archive
NOTE—G15: Gonzalez et al. (2015), B11: Brodwin et al. (2011), B13: Brodwin et al. (2013), B16: Brodwin et al. (2016), Z13: Zeimann et al.
(2013), S12: Stanford et al. (2012)
2. DATA
We analyzed 4 spectroscopically confirmed galaxy clusters
at various redshifts: J1432.4+3253 (z=1.49), J1432.3+3253
(z=1.40), J1142+1527 (z=1.19) and J1426.5+3508 (z=1.75).
These clusters were identified as a part of various programs:
IRAC Shallow Cluster Survey (ISCS; Eisenhardt et al. 2008),
its extension, IRAC Deep Cluster Survey (IDCS) and Mas-
sive and Distant Clusters of WISE Survey (MaDCoWS; Gon-
zalez et al. 2019). Table 1 provides a brief summary of all
the clusters used in this paper, and the Hubble Space Tele-
scope (HST) Wide-Field Camera 3 (WFC3) images of these
clusters are shown on Figure 1.
For the analysis in this paper, we used HST WFC3 imag-
ing in F140W (central wavelength λp = 1392.3 nm) or
F160W (λp = 1536.9 nm) bands, choosing the filter with
the longest exposure time for each cluster. Cluster member-
ship was identified using photometric, spectroscopic or red-
sequence membership selection. Photometric members were
identified using opticalBWRI data from NOAO Deep Wide-
Field Survey (NDWFS; Jannuzi et al. 1999), 3.6 µm and 4.5
µm IRAC data from Spitzer Deep Wide-Field Survey (SD-
WFS; Ashby et al. 2009), and 24 µm imaging with Multiband
Imaging Photometer for Spitzer (MIPS). Then, galaxy SED
templates from Polletta et al. (2007) were fit to determine
photometric redshifts. The resulting accuracy of the pho-
tometric redshifts for our spectroscopically confirmed clus-
ters is σ/(1 + z) = 0.039 (Brodwin et al. 2013). Spec-
troscopic members were identified using Keck multi-object
spectroscopy and WFC3 grism spectroscopy. The resulting
spectroscopic and photometric catalogs were obtained from
Brodwin et al. (2013) and references therein. Red-sequence
members for the J1432.4+3250 cluster were found by select-
ing galaxies along the color-magnitude red sequence using
HST data in Snyder et al. (2012). We note that the uncertain-
ties in photometric and especially red-sequence membership
estimation mean that some cluster galaxies might be field in-
terlopers, so the significance levels in our comparison with
the pure field sample are likely underestimated.
2.1. Individual Clusters
2.1.1. J1142+1527
J1142+1527 (for simplicity, J1142) is a massive z = 1.19
cluster discovered as part of the MaDCoWS survey. A de-
tailed study of this cluster is presented in Gonzalez et al.
(2015). Keck and Gemini spectroscopy were used to iden-
tify the spectroscopic members of this cluster, and Spitzer
and NDWFS data were used to identify photometric mem-
bers. The cluster is robustly detected using the Sunyaev-
Zel’dovich (SZ) effect using Combined Array for Research
in Millimiter-wave Astronomy (CARMA)1, and its mass is
estimated from the SZ effect to be M200 ∼ (1.1 ± 0.2) ×
1015M, which currently makes it the most massive con-
firmed cluster at z ≥ 1.15. The cluster radius is then
R200 = 1400± 80 kpc.
We used reduced deep F140W HST imaging for this clus-
ter, obtained as part of the Supernova Cosmology Project (PI:
Perlmutter). The image is 2.2′ × 2.1′ in size centered on
the cluster, so the cluster is imaged up to 0.38R200. The
exact center is defined by the centroid of the SZ decrement
as (α, δ) = (11:42:46.6, +15:27:15) (Gonzalez et al. 2015).
There are 5 spectroscopic cluster members and 98 photomet-
ric members inside the HST image. 50% of the cluster mem-
bers are contained within 0.66′ (330 kpc, or 0.24R200) from
the center.
1 https://www.mmarray.org/
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Figure 1. Center: HST images of all 4 clusters outlined in Table 1, in a corresponding filter for each cluster (F140W/F160W). Positions
of cluster members are shown using photometric (blue) or red-sequence (red) catalogs. Spectroscopically confirmed cluster members are in
green. Right: a sample of galaxies in the order of increasing bulge strength (PC1; see Sec. 3.3). Bottom: a sample of galaxies in the order of
increasing disturbance (PC2; see Sec. 3.3). Samples of different PC1/2 combinations are shown in Appendix A.
2.1.2. J1432.3+3253
J1432.3+3253 (for simplicity, J1432.3) is a z = 1.40 clus-
ter observed as part of the ISCS survey. It was first presented
by Zeimann et al. (2013) and additional members were pub-
lished in Brodwin et al. (2013). There are no X-ray or SZ de-
tections of this cluster, so its mass is unknown. Interestingly,
this cluster is only separated by 2′ from the J1432.4+3250
cluster, and they are located at similar redshifts, z = 1.40
and z = 1.49; therefore, the cluster members from Spitzer
imaging are mixed between them, and there is a possibility
of dynamical interactions between these two clusters.
We used reduced F140W HST imaging from the Super-
nova Cosmology Project for this cluster. The image is
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2.4′ × 2.1′ in size, centered around the cluster center, so a
roughly 600 kpc radius of the cluster is imaged. The ex-
act cluster center is (α, δ) = (14:32:18.31, +32:53:07.8) de-
fined during the cluster detection using wavelet decompo-
sition (Eisenhardt et al. 2008), There are 10 spectroscopic
members in the HST image. Although the catalog in Brod-
win et al. (2013) provides a large number of cluster members,
only 20 photometric and 10 spectroscopic members are con-
tained in the HST image, 50% of which are within 0.84′ or
440 kpc from the center.
2.1.3. J1432.4+3250
J1432.4+3250 (for simplicity, J11432.4) is a z = 1.49
ISCS cluster. We used a red-sequence selected membership
catalog from Snyder et al. (2012) and spectroscopic mem-
bership presented in Brodwin et al. (2013, 2011). Chandra
X-ray imaging of the hot intracluster medium (ICM) results
in a mass estimate of M200 = (2.5± 0.5)× 1014M (Brod-
win et al. 2011) and radius R200 = 760± 50 kpc.
We used reduced F160W HST imaging from HST GO
11663 (PI Brodwin; Snyder et al. 2012) obtained from
the Hubble Legacy Archive (HLA). The HST image is
4.3′ × 2.3′ in size and contains 5 spectroscopic and 122
red sequence selected members. In physical units, the
image covers 1.4R200 × 0.8R200, so the cluster is im-
aged up to 0.4R200 in both directions. The cluster cen-
ter is defined using the wavelet detection centroid, at
(α, δ) = (14:32:24.16, +32:50:03.7). Since the image is
almost twice as large in one dimension, the galaxies away
from the cluster center are sampled better along that direc-
tion. 50% of the HST-imaged cluster members are contained
within 1.05′ or 0.7R200, due to the elongation of the image
along one direction.
2.1.4. J1426.5+3508
J1426.5+3508 (for simplicity, J1426.5) is a z = 1.75 IR-
selected cluster from the IDCS survey. It is one of the most
distant clusters found. The spectroscopic and photometric
membership catalogs are first presented in Stanford et al.
(2012). Chandra X-ray observations, weak and strong lens-
ing, and SZ effect measurements produced consistent, but
slightly different mass estimates. Due to its lowest uncer-
tainty, we used X-ray mass M500 = (2.8 ± 0.3) × 1014M
(Brodwin et al. 2016). Using the conversion factor of 1.6
(Duffy et al. 2008), this results in M200 = (4.5 ± 0.5) ×
1014M and corresponding R200 = 710±45 kpc. This high
mass makes J1426.5 the most massive found at z ≥ 1.5.
We used reduced F160W HST imaging from HST GO
11663 (PI: Brodwin; Stanford et al. 2012) obtained from
the HLA. The HST image is 3.6′ × 3.5′, therefore cover-
ing up tp 1.3R200 of the cluster. The cluster center is chosen
using the position of the Brightest Cluster Galaxy (BCG),
(α, δ) = (14:26:32.95, +35:08:23.6) (Brodwin et al. 2013).
The center position derived from the SZ centroid and the X-
ray peak are compatible with the BCG position. The image
contains 6 spectroscopic and 38 photometric members, 50%
of which are contained within 0.57′ or 0.3R200 from the clus-
ter center.
2.2. Control Sample
In our analysis, we used control samples consisting of
galaxies from all CANDELS fields (Grogin et al. 2011;
Koekemoer et al. 2011). Redshifts and stellar masses for
CANDELS galaxies were estimated in Dahlen et al. (2013).
Ser´sic fits of CANDELS galaxies were previously performed
by van der Wel et al. (2014), and the full suite of morpholog-
ical measurements was computed by Rodriguez-Gomez (in
prep.) using F160W imaging.
In our analysis, we only used CANDELS galaxies with a
high F160W signal-to-noise ratio (SNR > 3). The exposure
time and image depth varies across all CANDELS images
and fields, with 1σ sensitivity on average between 25.5-26.5
mag/arcsec2.
Although the clusters were imaged in either F160W or
F140W bands, we compared all cluster galaxies to F160W
CANDELS imaging, since the CANDELS field was never
imaged in F140W. However, F160W and F140W filters are
highly overlapping: F140W is centered around 1392.3 nm
with a width of 384 nm, and F160W is centered around
1536.9 nm with a width of 268.3 nm, so F140W almost en-
tirely covers the F160W band. At the average cluster redshift
z ≈ 1.5, these bands image 556 ± 154 nm and 615 ± 107
nm respectively. Therefore, we do not expect a significant
morphological difference between these two bands.
For each cluster, we selected a Monte Carlo ensemble of
control samples to perform statistical analysis, as described
in detail in Sec. 3.5.
3. DATA ANALYSIS
3.1. Source Extraction
Table 2. SEXTRACTOR parameters used for identifying galaxies
Parameter Description Value
DETECT MINAREA Min. galaxy area 10 px
DETECT THRESH Min. detection S/N 0.75
FILTER NAME Convolution filter 9x9px tophat
DEBLEND NTHRESH Num. of deblending levels 16
DEBLEND MINCONT Min. deblending contrast 0.0001
BACK SIZE Background mesh size 64 px
BACK FILTERSIZE Background filter size 3
First, individual galaxies were identified in the cluster HST
images using SEXTRACTOR (Bertin & Arnouts 1996).
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The segmentation maps for the CANDELS field were pre-
viously computed by Lotz et al. (in prep.) using parameters
given in Table 2, and the same parameters are used to identify
cluster galaxies so that the calculated morphology parameters
are consistent.
The tophat filter smoothes the image prior to source extrac-
tion and reduces the effect of image noise. Since this work
studied small and faint high-redshift galaxies, the detection
S/N and minimum galaxy area are set low to allow identify-
ing the faintest cluster members. The deblending level was
selected as to allow deblending of merging faint sources.
Magnitudes were also computed at this step using the
MAG AUTO setting, which calculates flux within an automat-
ically calculated Kron radius (Kron 1980).
3.2. Morphology
Morphology of the cluster galaxies was measured using the
new code, STATMORPH (Rodriguez-Gomez et al. 2019), an
open-source Python package for calculating numerical mor-
phology parameters that is largely based on the IDL code
described in Lotz et al. (2004, 2006, 2008). Morphology
of the control sample, CANDELS field galaxies, was pre-
viously measured in F160W band by Rodriguez-Gomez (in
prep.) and following the same methodology as in this paper.
We used a variety of non-parametric statistics to quantify
the galaxy morphology: Concentration (Abraham et al. 1994;
Bershady et al. 2000; Conselice 2003), Asymmetry (Schade
et al. 1995; Abraham et al. 1996; Bershady et al. 2000; Con-
selice 2003), Gini (Abraham et al. 2003; Lotz et al. 2004)
and M20 (Lotz et al. 2004), all described in detail below. In
addition, we used Se´rsic index (Se´rsic 1963) and Se´rsic ef-
fective radius. Finally, we performed a PCA to derive a new
bulge strength and galaxy disturbance metric, as outlined in
Section 3.3.
3.2.1. Se´rsic Index & Effective Radius
Se´rsic index (1963) is obtained by fitting the galaxy’s light
distribution with the Se´rsic profile:
I(R) = Ie exp
{
− b
[(
R
Re
)1/n
− 1
]}
(1)
where Re is the effective half-light radius, Ie is the intensity
at Re, n is the Se´rsic index, and b is a function of n com-
puted via Gamma functions. At z = 0, elliptical galaxies are
defined as those that follow a de Vaucouleurs (1948) profile
with n = 4, and spiral galaxies follow an exponential profile
with n = 1 (Freeman 1970). Buitrago et al. (2013) show
that although Se´rsic index is in general lower for all galaxy
types at higher redshifts, a n = 2.5 limit still separates the
two populations well up to z ∼ 2.5.
STATMORPH allows a user to improve the accuracy of the
Se´rsic fit by specifying a Point Spread Function (PSF) of the
image. We used a hybrid F160W PSF created by van der
Wel et al. (2012) from a TINYTIM model (Krist et al. 2011)
and an empirical fit to CANDELS sources with a 0.06′ pixel
scale. This PSF was then extrapolated to match the pixel
scale of each individual galaxy image. The same PSF was
used for F140W filter as for F160W filter, since the two bands
have similar PSF full width at half maximum.
3.2.2. Compactness
Comparing Se´rsic sizes of galaxies can be misleading, as
the galaxy radius is a strong function of its mass. There-
fore, we use another metric, Compactness, to compare galaxy
sizes normalized by their mass. Compactness is defined sim-
ilarly to a galaxy’s surface mass density, Σ:
Σ =
M
piR2e
where M is the galaxy mass and Re is its Se´rsic radius.
Since we do not have stellar masses of cluster galaxies, we
use H-band magnitudes as a proxy for masses in the CAN-
DELS field. A correlation between H-band magnitude and
stellar mass has been previously shown by van der Wel et al.
(2014). In this work, we checked the correlation by plotting
the distribution of H-magnitudes and stellar masses for the
CANDELS galaxies in the four required redshift bins. Fig. 2
shows that the tight relationship exists for our field galaxies,
which allows us to use H-magnitude as a proxy. To convert
from H-magnitude to stellar mass, we fit a line of the form
log10 M/M = a+ bH
where a and b are best fit coefficients, shown on Fig. 2.
We then define compactness, log Σ, as a logarithm of surface
mass density:
log Σ = K + bH − 2 logRe (2)
where K = a + log 2pi, a constant absorbing other co-
efficients. Note that since log Σ is defined logarithmically
and using H-magnitude rather than stellar mass, it will dif-
fer from similar measures in other works by some constant
factor. However, it is a useful statistic in comparing relative
compactness of cluster and field galaxies in our samples.
3.2.3. Concentration
Concentration of a galaxy’s light (C) has been measured
for a long time by various methods (e.g., Abraham et al.
1994). We used the currently most common definition by
Bershady et al. (2000), where C is is the ratio of the 80th and
20th isophotes, calculated as
C = 5 log10
(
r80
r20
)
(3)
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Figure 2. The distribution of stellar masses and H-magnitudes for CANDELS field galaxies in four different redshift bins, matching the cluster
redshifts with ∆z = 0.25. The tight relationship between the H-magnitude and the stellar mass allows us to use H-magnitude as a proxy for
mass. The red line shows the line of best fit used to convert H-magnitudes into stellar masses.
Higher values of C mean the light is concentrated in the
center, and corresponds to higher Se´rsic index, more bulge
dominated and spheroidal galaxies.
3.2.4. Asymmetry
Asymmetry (A) of a galaxy’s light distribution is computed
by rotating the galaxy by 180◦ and subtracting the resulting
light distribution from the original one (Schade et al. 1995;
Abraham et al. 1996; Conselice 2003). The axis of rotation
is chosen as to minimize the asymmetry.
A =
∑
i,j |Iij − I180ij |∑
i,j |Iij |
−ABG (4)
where Iij is the flux in a pixel, I180ij is the flux in the cor-
responding pixel after the rotation and ABG is the average
asymmetry of the background. Bulge-dominated galaxies
have very low asymmetry values, spiral galaxies typically
have intermediate asymmetry and merging galaxies can have
very large asymmetry.
3.2.5. Gini Index
Gini index (G; Abraham et al. 2003; Lotz et al. 2004) orig-
inates from economics, where it is used to measure the dis-
tribution of wealth in a society. In astronomy, it is used to
measure the concentration of light, similar to C. To calcu-
late Gini, all of the galaxy pixels are ranked from brightest to
dimmest, and Gini is computed as:
G =
1
X¯N(N − 1)
N∑
i=0
(2i−N − 1)Xi (5)
where N is the number of pixels, Xi is the flux of ith pixel
(i = 0 is the brightest pixel in the galaxy) and X¯ is the aver-
age flux.
A Gini index of 1 signifies all the galaxy light concentrated
in one pixel, while a Gini index of 0 signifies all the light
evenly distributed across all pixels that belong to the galaxy.
Figure 3 shows a schematic representation of the Gini index
measurement for a galaxy. Highly concentrated spheroidal
galaxies have higher G (Fig. 3a), while diffuse galaxies, or
disky galaxies with extended regions of star formation and
weak bulges have low G (Fig. 3b).
The difference between Gini and C is that Gini does not
require the brightest pixel to be in the spatial center of the
galaxy, so a galaxy with an offset nucleus would still have a
high Gini index. Therefore, a combination of C and Gini can
potentially identify disturbed morphologies, such as galaxy
mergers and double nuclei. In addition, since Gini is com-
puted based on Petrosian radius of the galaxy, it depends very
weakly on the limiting fluxes and S/N of the image as long
as average S/N per pixel > 2 (Lotz et al. 2004).
3.2.6. M20
M20 is a measure of the second moment of the distribution
of the brightest 20% of galaxy light. It was first introduced
in Lotz et al. (2004) as a metric which, together with Gini,
can effectively detect signs of ongoing galaxy mergers. The
second moment of ith pixel is calculated as:
Mi = fi · [(xi − xc)2 + (yi − yc)2] (6)
where (xc, yc) are the coordinates of the central pixel and
(xi, yi), fi are respectively the coordinates and flux of the ith
pixel. Then, the M20 is calculated using:
Mtot =
N∑
i=0
Mi (7)
M20 = log10
I20∑
i=0
Mi
Mtot
(8)
where N is the total number of pixels and 0 < i < I20 are
the brightest 20% of the pixels. A low (more negative) M20
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a) High PC1
High Gini, Low M20
b) Low PC1
Low Gini, High M20
d) Low PC2
Low Gini, Low M20
c) High PC2
High Gini, High M20
Bulge-dominated Disk-dominated Merger Diffuse/Unresolved
Figure 3. A schematic showing the typical galaxy morphologies as measured using the Gini (Sec.3.2.5) and M20 (Sec.3.2.6) non-parametric
statistics (Lotz et al. 2004), as well as using the Principal Components presented in Sec.3.3. a) Bulge-dominated galaxies have high Gini and
low M20 (high PC1), b) disk-dominated galaxies have low Gini and high M20 (low PC1), and c) merging or disturbed galaxies have high Gini
and M20 (high PC2). d) Galaxies with low Gini and low M20 (low PC2) are diffuse and/or poorly resolved.
signifies that the galaxy light is concentrated in the center,
and corresponds to spheroidal galaxies, as shown on Fig. 3a)
and d). A high M20 means the brightest galaxy light is offset
from the center, and corresponds to disk galaxies with bright
regions of star formation (Fig. 3b) or mergers (Fig. 3d).
Similarly to Gini, M20 calculation is based on the Petrosian
radius and hence weakly depends on the limiting fluxes or
image S/N (Lotz et al. 2004).
Gini and M20 can be used in tandem to detect possible
mergers. A high G and a high M20 corresponds to a scenario
where the galaxy light is concentrated in a few bright spots
that are off-center, i.e. double nuclei that form during the
mergers (Fig. 3c). Snyder et al. (2015a) show that G-M20
combination is effective at detecting minor and major merg-
ers for ∼ 0.3 Gyr in early stages of the merger, while other
statistics (e.g., Multipole/Intensity/Deviation, MID; Freeman
et al. 2013) are more effective at detecting mergers in later
stages.
Finally, we note that Gini and M20 are sensitive to the
method with which the central pixel is calculated. For our
control sample, we use the CANDELS morphology catalog
computed using the same STATMORPH code to ensure the
datasets are compatible.
3.3. Principal Component Analysis
As discussed above, a combination of G and M20 is able
to distinguish between disk (low G, high M20), spheroidal
(highG, lowM20) and merging (highG, highM20) galaxies.
Lotz et al. (2004) identify a “main sequence” on the G-M20
diagram (shown in blue on Fig. 4), a locus of regular galaxies
going from disks to spheroids. Snyder et al. (2015b) quanti-
fied this using a bulge strength statistic F (G,M20), defined
as
F (G,M20) = −0.693M20 + 4.95G− 3.85 (9)
However, this relation was derived for low-redshift galax-
ies and best matches galaxies with z < 0.4 (Rodriguez-
Gomez et al. 2019). Therefore, we re-define the bulge
strength by locating the Gini-M20 “main sequence” in a
CANDELS sample of all 1 < z < 2 field galaxies (subject
to quality cuts outlined earlier).
We use Principal Component Analysis (PCA) to find the
main sequence. PCA is a statistical tool that uses physical
observables to define new variables called principal compo-
nents (PCs). All PCs are a linear combination of the phys-
ical parameters and are orthogonal to each other. Principal
components are defined in a descending variance order, so
the first PC captures the greatest variance in the data and the
last PC captures the least. For a 2-variable parameter space,
the variance is maximized along the “main sequence”, so the
first PC determines the location on the main sequence and the
second PC captures the deviation from that line. Effectively,
the first PC always provides the line of best fit in a 2-variable
dataset.
SinceG andM20 span different scales, they need to be nor-
malized before PCA is performed so that they are weighted
equally. For each parameter, we find the mean and the vari-
ance of the control distribution. We then subtract the sample
mean from each measurement, and divide it by the variance.
This produces a normalized dataset.
As shown on Figure 4, the first PC (PC1) captures location
of a data point along the galaxy “main sequence”. The main
sequence is then defined using the PC1 as:
G = −0.21M20 + 0.15 (10)
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Figure 4. Left: Distribution of Gini and M20 statistics for the combined sample of photometric members from all 4 clusters. Colored points
are the cluster members. The color indicated the galaxy Se´rsic index, ranging from disky (dark blue) to bulge-dominated (yellow). Grey points
show all CANDELS field with 1 < z < 2 subject to quality cuts in Sec. 3.4. The white dashed line shows the eigenvector of the first principal
component or the Gini-M20 main sequence (Eq. 10), which clearly traces galaxy bulge strength similarly to Se´rsic index. Shaded regions show
1σ and 2σ deviation from the line. Blue dashed lines show the separation of galaxies into early-type (lower left corner), late-type (right region)
and disturbed (upper region) galaxies from Lotz et al. (Eq. 9; 2004). Right: Principal components of the same distribution. The shaded blue
regions show 1σ and 2σ deviation in PC2. Again, PC1 is well-correlated with Se´rsic index.
Therefore, galaxies with high Gini and low M20 have
higher PC1 or bulge strength (Fig. 3a), and galaxies with
low Gini and high M20 have lower PC1 and are more disk-
dominated (Fig. 3b). As seen on Fig. 4, Se´rsic index roughly
correlates with PC1: higher values of PC1 correspond to
higher Se´rsic indices, bulge-dominated galaxies. Therefore,
PC1 successfully captures the bulge strength of a galaxy. Fig-
ure 1 shows a sequence of galaxies with increasing bulge
strength on the right.
The second PC (PC2) is the perpendicular distance from
the galaxy main sequence on a Gini-M20 diagram. Galaxies
with high PC2 have high Gini and high M20 (Fig. 3c). As
shown in Lotz et al. (2004), galaxies located anywhere above
the Gini-M20 main sequence are likely perturbed galaxies
undergoing mergers. Therefore, PC2 is a measure of the dis-
turbance of a galaxy. In this work we adapt a stricter defini-
tion of a merger candidate, requiring at least PC2 > 1. We
note that a negative PC2 does not imply a lower than aver-
age disturbance; galaxies with low PC2 correspond to dif-
fuse, poorly resolved galaxies (Fig. 3d). Figure 1 shows a
sequence of galaxies with increasing disturbance on the bot-
tom, and Appendix A shows a grid of sample galaxies with
various combinations of PC1 and PC2.
3.4. Quality Cuts
We made a number of different cuts to ensure a high qual-
ity data sample. We only selected cluster and control galax-
ies with mH,AB < 24, where H-magnitude of the cluster
galaxies was calculated by SEXTRACTOR using MAG AUTO
setting.
SEXTRACTOR also provides a machine-learning based
probability p(star) that a source is a star (1) or a galaxy
(0). All sources with p(star)>0.85 were removed unless
they were spectroscopically confirmed to be cluster mem-
bers, in which case they were likely quasars.
Finally, STATMORPH provides a flag whenever the mor-
phology parameters are not accurately determined, and all the
flagged galaxies were excluded from the analysis. A galaxy
is flagged if the data quality is poor and background level
or a Gini segmentation map cannot be properly estimated.
Table 1 shows the number of flagged galaxies for each clus-
ter. The largest number of flagged galaxies is in the J1432.4
cluster, with 11% classified as unreliable. In other clusters,
fewer than 5% are flagged. An example of flagged galaxies
is shown in Appendix B.
Table 1 shows the total number of galaxies left in the anal-
ysis after these quality cuts are applied.
3.5. Statistical Analysis
3.5.1. Control Sample Selection
The control samples must be constructed in a way such that
environmental effects are the only factor determining galaxy
morphology. Since morphology is a strong function of red-
shift, the cluster and the control samples must be redshift-
matched. To match the redshift, we selected CANDELS field
galaxies within ∆z = 0.25 of the cluster spectroscopic red-
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H-Magnitude
Redshift-matched
J1426.5
z=1.75
CANDELS Field
z=1.75 ± 0.25
20 21 22 23 24
H-Magnitude
Redshift- and magnitude-matched
Figure 5. An example of one simulation of a magnitude-matched
control sample for the J1426.5 cluster (dark grey). The initial
redshift-matched sample of field galaxies (left; light grey) has a
higher fraction of dim or low-mass galaxies. We fit a Kernel Density
Estimate (KDE) to the cluster magnitude distribution, and sample
the KDE to select a control sample of the same size as the cluster.
The resulting control sample (right; light grey) matches the clus-
ter KDE, therefore eliminating the effects of assembly bias. Initial
and final magnitude distributions for all 4 clusters are shown in Ap-
pendix C.
shift. The number of field galaxies matched the number of
cluster galaxies, shown in Table 1.
Clusters are also subject to a mass assembly bias (e.g. Mo
& White 1996), where galaxies in dense environments tend to
have larger masses than galaxies in the field. Since massive
galaxies quench early on (e.g. Kauffmann et al. 2003), this
can bias the comparison between the two environments. As
described in Sec. 3.2.2, we use H-magnitude as a proxy for
stellar mass. To correct for assembly bias, we select a con-
trol sample that matches the H-magnitude distribution of the
cluster galaxies. We estimate the cluster distribution using
a Gaussian Kernel Density Estimate (KDE), and then select
a control sample that matches the cluster’s magnitude KDE.
We use KDE in lieu of a binning method to eliminate biases
due to selection of bin sizes and edges, and to sample the
control galaxies more robustly.
Figure 5 shows an example distribution of magnitudes in
the J1426.5 cluster and a control sample at the same redshift.
Distributions for all clusters are shown in Appendix C. The
initial bias towards higher masses in the cluster (dark grey)
is evident on the left. We fit the KDE to the cluster distribu-
tion (black line), and sample the control sample to match the
KDE. The resulting field sample (right, light grey) corrects
for the assembly bias.
However, a single randomly selected control sample
matching the cluster distribution may not be representative
of the entire field population. Therefore, for each cluster
we constructed a Monte Carlo (MC) ensemble of 40,000
control samples selected to match the cluster’s redshift and
magnitude distribution. Each of these samples had the same
number of galaxies as the corresponding cluster. We then
statistically compared the cluster to the MC ensemble.
3.5.2. Monte Carlo Analysis
For each galaxy from each of the 4 clusters in Table 1 we
calculated the statistics outlined in Sections 3.2 and 3.3. In
general, every cluster hosts a wide distribution of morpholog-
ical parameters. The distribution of each parameter in each
cluster is available in Appendix D.
The aim of this work is to distinguish if the cluster and
field populations, rather than individual galaxies, differ, so
we compare the median of field and cluster distributions of
each morphological parameter.
Since the field sample is large, we can estimate the popula-
tion median of field galaxies with Monte Carlo sampling. We
draw 40,000 samples of field galaxies, compute the median
of each sample, and then find the median of the medians –
the population median estimate.
We then check whether the cluster sample is significantly
different from the field using a probabilistic approach. We
compute the likelihood that the cluster sample could be ran-
domly drawn from the field. If the cluster population is sig-
nificantly different, then it would be very unlikely to draw a
random sample from the field population with a median that
is as far, or further, from the population median as the cluster
median.
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Figure 6. The comparison of median bulge strength in J1426.5 clus-
ter galaxies (orange) and 40,000 MC control samples (grey). Only
2/40,000 MC samples have a higher median bulge strength than
the cluster, so this result has a 3.9σ significance corresponding to
p =2/40,000.
The fraction of field samples satisfying this condition gives
the likelihood (a p-value) of randomly drawing the cluster
distribution from the field population. We convert the p-value
to a significance assuming p-values follow a Gaussian distri-
bution.
Since there is a limited number of MC iterations, the max-
imum significance is limited by 1 in 40,000 samples with a
median equally or more removed from the population median
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Table 3. Fractions of bulge-dominated, disturbed and physically close galaxies in clusters and the control samples
Cluster Name Average R0.5 (1) Bulge Fraction (%) Disturbance Fraction (%) Close Neighbors(2) (≤ 20 kpc)
(kpc) n > 2.5 PC1 > 1 A > 0.2 PC2 > 1 Number Fraction (%)
J1142+1527 2.0+0.3−0.1 59 57 11 9.7 6 5.6
Control 3.2+0.3−0.2 29
+5
−4 33
+5
−4 7
+3
−2 6
+3
−2 56 2.5
J1432.3+3253 3.4+0.1−0.1 20 27 30 13 0 0
Control 3.1+0.5−0.4 30
+10
−7 30
+7
−10 7
+6
−4 7
+6
−4 92 2.3
J1432.4+3250 3.8+0.1−0.2 18 27 14 18 28 19.6
Control 3.0+0.2−0.2 24
+4
−3 24
+4
−4 8
+2
−3 8
+2
−3 60 1.6
J1426.5+3508 1.9+0.15−0.04 55 55 4.5 4.5 4 8.9
Control 3.0+0.4−0.3 34
+7
−6 30
+6
−7 9
+5
−4 9
+7
−3 35 1.2
(1)Average Se´rsic half-light radius
(2)Number of galaxies that have a neighbor within a 20 kpc distance
as the cluster, which corresponds to 4.1σ. We chose 40,000
samples, same as in a similar analysis performed by Hamer
& Schlaufman (2019), to balance the resolving power of the
test and the computational time required for it.
3.5.3. Galaxy Fractions
We computed the overall fraction of bulge-dominated and
disturbed galaxies for each cluster and the control samples,
as well as the number of galaxies that have a close neighbor.
We defined a galaxy as a “close neighbor” if it is also a
cluster member, and has a projected distance of less than 20
kpc, following Lotz et al. (2013). Ellison et al. (2010) find
that merger fractions are enhanced at separations less than
≈ 40 kpc in low-redshift field galaxies, making our con-
straint more conservative. We estimated the corresponding
field fraction of the projected “close neighbors” by select-
ing all field galaxies subject to quality cuts in Sec. 3.4 and
within ∆z = 0.25 of the cluster redshift, and computing the
number of galaxies separated by less than 20 kpc in the plane
of the sky, with redshift difference less than the photometric
redshift uncertainty δz = 0.039.
We used two different criteria to determine if the galaxy is
bulge-dominated: 1) Se´rsic index n > 2.5, which has been
shown to distinguish bulge-dominated and disk-dominated
galaxies at high redshifts (Buitrago et al. 2013), and 2)
PC1 > 1. Principal components are defined such that
PC = 0 is the average PC value for all 1 < z < 2 field
galaxies, and PC = 1 corresponds to 1 standard deviation.
So, we labelled all galaxies with PC1 > 1 bulge-dominated
as their PC1 is at least one standard deviation away from the
control sample average.
We similarly classified galaxy disturbance using Asymme-
try and PC2. Peth et al. (2016) find using PCA that the most
disturbed CANDELS galaxies have A = 0.2 ± 0.1, so we
selected disturbed galaxies using 1) A > 0.2 or 2) PC2 > 1.
For the cluster galaxies, the fraction of bulge-dominated or
disturbed galaxies is simply defined as a fraction of galaxies
of that type to the total number, and therefore has no uncer-
tainty. Since we used 40,000 simulated control samples, we
take the median of all 40,000 simulations as the control sam-
ple fraction, and assigned the uncertainty using the 16th and
84th percentiles of the median distribution.
4. RESULTS
4.1. Overall Results
In general, the morphological parameters in all samples
have wide distributions, shown in Appendix D. There is a
substantial overlap in the distributions of cluster galaxies
with their respective control samples, indicating a large vari-
ety of morphologies in any environment. However, the aim
of this work is to determine whether the morphology distri-
bution statistically differs in cluster and field environments,
rather than across individual galaxies.
Table 3 shows the fraction of galaxies that are bulge-
dominated, disturbed or have a close neighbor, as well as the
average galaxy radius for each sample. As seen in the table,
J1142 and J1426.5 clusters show a factor of ≈ 2 increase
in the number of bulge-dominated galaxies, while J1432.3
and J1432.4 are consistent with the field. On the other hand,
J1432.3 and J1432.4 clusters show a significant increase in a
fraction of disturbed galaxies.
For a more robust analysis, we compared the morphology
of cluster galaxies to field galaxies using medians of each
sample, as described in Section 3.5. The results are shown
on Figure 7.
Each panel shows the distribution of medians of the field
sub-samples in grey. The distribution is smoothed by a
Gaussian KDE, and shaded regions signify 1σ (dark), 2σ
(medium) and 3σ (light) regions. The dark grey line rep-
resents the field population median obtained by Monte Carlo
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Figure 7. The comparison of median morphology parameters between cluster and field galaxies for each cluster in Table 1. For each parameter
from Sec. 3.2, the median measurement of cluster galaxies is shown as a colored line. To statistically compare cluster and field galaxies, 40,000
MC simulations of field galaxies matching the cluster redshift and H-magnitude distribution are drawn for each cluster. The distribution of
control sample medians is shown in grey, smoothed with a Gaussian KDE. Shading shows 1σ (dark), 2σ (medium) and 3σ (light) intervals of
the distribution. Grey solid line shows the population median of field galaxies. Significance of the cluster median is computed as the likelihood
of obtaining this median in the MC simulation.
sampling. The colored line shows the cluster median for the
given parameter. The numerical median values and associ-
ated uncertainties for both cluster and field distributions are
given in Appendix E.
Overall, the clusters can be split into two groups: 1)
J1426.5 and J1142, that are significantly different from the
control sample, and 2) J1432.3 and J1432.4 that are almost
indistinguishable from the control sample. First, we will
summarize the results for each cluster individually.
J1142. 59% of galaxies in J1142 are bulge-dominated
(Tab. 3), which is 2 times more than in the field. This is also
reflected on Fig. 7. The galaxies in J1142 cluster have larger
median bulge strength, compactness and Se´rsic index at the
maximum possible significance level, 4.1σ. They also have
significantly higher Concentration (3.7σ) and lower Se´rsic
radii (4.1σ). Gini differs at a 4.1σ level, and this is cap-
tured in Bulge Strength and Disturbance metrics, which are
a linear combination of Gini and M20. These results in-
dicate that on average, J1142 hosts a much larger popula-
tion of compact, bulge-dominated galaxies. This is a cluster
with a strongly established morphology-density relationship
at z = 1.19. Galaxies in J1142 also have a 4.1σ higher me-
THE MORPHOLOGY-DENSITY RELATIONSHIP IN 1 < z < 2 CLUSTERS 13
J1
14
2
z=
1.
19
=
4.
1
LO
W
 M
=
2.
9
HI
GH
 M
J1
42
6.
5
z=
1.
75 =
3.
6
LO
W
 M
0.95 0.73 2.40
Bulge Strength
=
1.
0
HI
GH
 M
=
4.
1
=
1.
9
=
4.
1
7.67 8.76 9.85
Compactness
=
0.
4
=
3.
0
=
4.
1
=
1.
3
0.57 0.02 0.52
Disturbance
=
1.
4
=
0.
5
=
1.
2
=
0.
6
20.70 21.96 23.22
Magnitude
=
0.
1
=
4.
1
=
3.
3
=
3.
9
0.75 3.83 6.91
Sersic Index
=
0.
8
Low mass: H > 22 (log M/M 10.5) High mass: H < 22 (log M/M 10.5)
Figure 8. Comparison of structural parameters between field (grey) and cluster (colored) galaxies split by H-magnitude as a proxy for stellar
mass. Dim and bright galaxies are selected from each cluster and each MC simulation usingH = 22 as a threshold, which corresponds roughly
to logM/M = 10.5. For each cluster and each morphological parameter, the top panel shows the median distribution of low-mass galaxies,
while the bottom panel shows massive galaxies. In both cases, the significance is higher for low-mass galaxies, indicating the stronger influence
of cluster environment at a lower mass end.
dian disturbance, however this cluster does not have a signif-
icantly higher fraction of disturbed galaxies using A > 0.2
or PC2 > 1 cut-off.
J1426.5. Similarly, J1426.5 shows a factor of 1.8 in-
crease in the fraction of bulge-dominated galaxies, with 55%
of galaxies showing high values of PC1 and Se´rsic index.
Galaxies in this cluster have higher bulge strength at a 3.9σ
level, and are more compact at a 3.0σ level. Therefore, we
confirm that morphology-density relationship exists in some
clusters at redshifts as high as 1.75. We see no significant dif-
ference between field galaxies and J1426.5 galaxies in terms
of their disturbance or asymmetry.
J1432.3. This cluster, on the other hand, shows no differ-
ence from the field in anything but median asymmetry, which
is enhanced at a 3.9σ level. It has an extremely high frac-
tion of asymmetric galaxies, with 30% of its members having
A > 0.2. This cluster shows no evidence of a morphology-
density relationship being present. It is possible that this is a
protocluster, as there is no detection of the hot ICM compo-
nent in the Chandra observation of this region (Chandra GO
10457; PI: Stanford), and the increased asymmetry might in-
dicate that the population of bulge-dominated galaxies is be-
ing currently built up via mergers. Moreover, the small sam-
ple size makes statistical comparison more challenging. This
cluster is discussed in more detail in Sec. 5.3.
J1432.4. Finally, galaxies in J1432.4 are also consistent
with the field and show no evidence for the morphology-
density relationship. The possible reasons and implications
of a lack of the morphology-density relationship in J1432.4
are discussed in Sec. 5.3. The galaxies in the cluster are more
disturbed at a 2.5σ level, and are less asymmetric at a 3.4σ
level. However, this cluster has a long tail of high-asymmetry
galaxies, with 14% of the cluster galaxies having A > 0.2.
These enhanced merger signatures indicate that there might
be ongoing mergers in this cluster. The low median asym-
metry is likely caused by the fact that J1432.4 has shallow
imaging of only 2611 s, compared to 8000s exposure time of
deep GOODS-S and GOOODS-N CANDELS surveys. Al-
though bulge strength and disturbance, derived from Gini and
M20, are not very sensitive to imaging depth, Asymmetry is
a lot more sensitive (Lotz et al. 2004).
We now present the dependence of the morphology-
density relationship on galaxy mass, morphology and dis-
tance from the cluster center. For the rest of our analysis, we
focus on the two clusters that exhibit the morphology-density
relationship: J1142 and J1426.5, reserving the discussion of
the remaining two clusters for Sec. 5.3. Since bulge strength
and disturbance are derived using Gini and M20, they are
largely insensitive to image depth as long as S/N > 2 (Lotz
et al. 2004), so we use these parameters to robustly quantify
galaxy morphology. For the remainder of the analysis, we
focus on 5 main morphological parameters: bulge strength,
compactness, disturbance, magnitude and Se´rsic index.
4.2. Mass Dependence
To investigate the dependence of morphology on mass, we
split the cluster sample into two bins: H > 22 and H < 22.
As seen on Fig. 2, this corresponds roughly to a mass cut-off
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Figure 9. Comparison of structural parameters between field (grey) and cluster (colored) galaxies split by galaxy morphology. Bulge-dominated
galaxies are selected using Bulge Strength (PC1) > 1 criterion, and remaining galaxies are classified as disk-like. For each cluster and each
morphological parameter, the top panel shows the median distribution of disk galaxies, and the bottom panel shows the same for bulge-
dominated galaxies. Bulge-dominated cluster galaxies appear consistent with similarly bulge-dominated field galaxies, while disk galaxies
have higher median bulge strength and compactness in clusters than in the field.
of log10M/M = 10.5. Note that at our magnitude cut-
off of H < 24, the lowest-mass galaxies in the sample have
log10M/M ≈ 9. We chose this mass cut as 1010.5M is a
common way to separate mass bins in previous studies (e.g.
Quadri et al. 2012; Cooke et al. 2016). For each MC iteration,
we similarly split the control sample into low- and high-mass
bins.
Figure 8 shows the median morphology distributions of the
field samples and each cluster. In each panel, the top half
shows the distribution of low-mass galaxies (H > 22) and
the bottom half shows the high-mass galaxies (H < 22).
The distributions of low- and high-mass field galaxies are
clearly offset from each other. Low mass galaxies have, on
average, lower bulge strength, compactness and Se´rsic index.
This is to be expected, as massive galaxies are preferentially
more red, quiescent (e.g. van der Wel et al. 2014) and hence
bulge-dominated in the field, whereas lower-mass galaxies
retain their disk morphologies.
In both J1142 and J1426.5, low-mass galaxies are more
bulge-dominated and more compact at a > 3.5σ level. On
the other hand, high-mass galaxies are only more bulge-
dominated in J1142 at 2.9σ, and not distinguishable from the
field in J1426.5. This shows that the cluster environment is
more effective at transforming low-mass galaxies compared
to the field, whereas morphological evolution of the most
massive galaxies is comparable in the field and in clusters.
4.3. Morphology Dependence
To further investigate how morphology-density relation-
ship is established, we split the galaxies into two groups
by their morphology: bulge-dominated (PC1 > 1) and disk-
dominated (PC1 < 1). Note that this selection is meant to se-
lect out the most bulge-dominated galaxies, while the “disk”
group contains both galaxies with disks and galaxies with
intermediate morphologies. We performed this cut for both
cluster galaxies and field galaxies in each MC iteration.
Figure 9 shows the resulting median distributions of the 5
main parameters. Here, the top panel shows the median dis-
tribution of field disks and the bottom panel shows the same
for bulges. The corresponding cluster medians are shown in
thick colored lines.
Unsurprisingly, the field disk galaxies have lower bulge
strength, compactness and Ser´sic index, indicating that our
selection method is effective. Field disks also have higher
magnitudes (i.e. are dimmer), showing the effect of mass
quenching: massive galaxies tend to have more bulge-
dominated morphologies.
There is no significant difference between bulge-dominated
cluster and field galaxies for either cluster. Therefore, once
a galaxy is bulge-dominated, it does not evolve differently in
either field or cluster environments. Considering that we ob-
serve a generally larger fraction of bulge-dominated galaxies
in clusters compared to the field, we see that galaxy clusters
1) build up a larger population of compact bulge-dominated
galaxies via some mechanism, and 2) the compact galaxies
produced in clusters are consistent with similarly compact
galaxies in the field.
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Figure 10. Comparison of structural parameters between field (grey) and cluster (colored) galaxies split by clustercentric radius. Cluster
galaxies are divided into two groups: inner 50% (solid colored line) and outer 50% (dashed colored line). The control sample is similarly split
in half randomly. There is no significant difference between the morphology of inner and outer cluster galaxy populations.
We also find that, although at a lesser significance, bulge-
dominated galaxies are on average dimmer in the clusters
than in the field. This supports the conclusion of Sec. 4.2,
that cluster environment is more important for evolution of
low-mass galaxies. Note that because the compactness is
the same as in the field but the masses are lower, bulge-
dominated galaxies in clusters have smaller radii than in the
field, as shown in Table 3.
Finally, we see a significant difference in bulge strength,
compactness and Se´rsic index among the disk-dominated
galaxies. Disk galaxies in J1142 are 3.6σ more disturbed,
but not galaxies in J1426.5. In addition, we also find that
J1426.5 disk galaxies are more compact than bulge galaxies.
We discuss the likely explanation for these results in Sec.
5.1.1.
4.4. Clustercentric Radius Dependence
Finally, we investigate the dependence of morphology on
the distance from the cluster center. We use the cluster cen-
ters as defined in Sec. 2, and split the galaxies into two
groups: innermost 50% and outermost 50%. Since cluster-
centric distance does not matter for field galaxies, we simply
split the MC sample in half randomly to construct the control
samples for each selection. The resulting distribution of MC
medians is the same for both groups, so we use only one of
them for the statistical comparison.
Figure 10 shows the results of this analysis. For each clus-
ter, grey bands show the distribution of the field medians, and
the colored lines show the cluster medians. The inner popu-
lation is represented by a solid line, and the outer population
by a dashed one.
As seen on this plot, there is no significant difference be-
tween inner and outer population for either of the clusters.
Therefore, we conclude that the morphology-density rela-
tionship is established evenly throughout the cluster, at least
within the∼500 kpc pointing of the HST image, without any
morphology gradients.
5. DISCUSSION
5.1. The Morphology-Density Relationship
The local Universe displays a strong morphology-density
relationship, where the fraction of quiescent, bulge-dominated
galaxies increases sharply with local galaxy density, and lo-
cal galaxy clusters are dominated by early-type galaxies
(Dressler 1980).
Detailed studies of the morphology-density relationship
have been limited to lower redshifts due to resolution con-
straints. Newman et al. (2014) find 90% significant evidence
for morphology-density relationship in a z = 1.80 clus-
ter, and more recently, Paulino-Afonso et al. (2019) confirm
morphology-density relationship in z < 0.9 clusters.
To complement morphological studies, SFR is also often
used to show the SFR-density relationship. Since SFR cal-
culations rely less on deep optical data, there are more stud-
ies into the SFR-density relationship in high-redshift clus-
ters. A number of studies show that this trend continues up
to z < 2, with cluster galaxies having a factor of 2 ∼ 3
suppression in star formation efficiency (Quadri et al. 2012;
Alberts et al. 2016; Cooke et al. 2016; Lee-Brown et al. 2017;
Kawinwanichakij et al. 2017; Strazzullo et al. 2019; van der
Burg et al. 2020).
In this work, we found that ≈ 50% of J1426.5 and J1142
galaxies are bulge dominated, and the average bulge strength
of these galaxies is 4σ higher than in the CANDELS field.
There is a possibility that some photometric members are in-
terlopers from the field, which would make our sample more
consistent with the field than a pure sample, so our signifi-
cance level might be an underestimation. Therefore, we con-
clude that the morphology-density relationship is established
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with a 4σ significance in some high-redshift clusters, even at
redshifts as high as z = 1.75.
On the other hand, we found two clusters, J1432.3 and
J1432.4, that host a population indistinguishable from the
field galaxies. Therefore, we also see that the morphology-
density relationship is not evenly established across all clus-
ters at high redshifts. The reasons behind the lack of the re-
lationship in these clusters can be an interesting probe into
galaxy evolution, and are discussed in further detail in Sec-
tion 5.3.
Multiple other studies also find a variation from cluster to
cluster in terms of the morphology-density and SFR-density
relationship (Brodwin et al. 2013; Alberts et al. 2016), sug-
gesting that the unique evolutionary pathway of each cluster
is more important than the redshift it is found at. In partic-
ular, both J1142 and J1426.5 are especially massive clusters
for their redshifts, and J1142 is recent cluster-cluster merger
(Ruppin et al. 2019). Therefore, it would be extremely useful
to repeat this study with a larger sample of 1<z<2 clusters,
and begin to analyze the strength of the morphology-density
relationship as a function of cluster properties.
We will now focus on two clusters with a similarly estab-
lished morphology-density relationship: J1142 and J1426.5.
We find that the average galaxy size in J1142 and J1426.5
clusters is ≈ 2 kpc, a factor of 0.7 smaller than the average
radius in the field, ≈ 3 kpc. Previous research shows con-
flicting opinions on the difference between cluster and field
galaxy sizes. Papovich et al. (2012) find larger galaxy sizes
in a z = 1.62 cluster with a 90% significance, and Delaye
et al. (2014) find that median sizes in 0.8 < z < 1.5 cluster
galaxies are 10 ± 10% larger than the field. However, the
significance of these results is low. On the other hand, New-
man et al. (2014) find no significant difference, and Math-
aru et al. (2018) find that cluster star-forming and quiescent
galaxies are smaller than field galaxies by 0.07±0.01 dex and
0.08± 0.04 dex, respectively, which agrees with our results.
This size difference between field and cluster galaxies is
further exacerbated by the fact that cluster galaxies are more
massive than field galaxies. Due to mass difference alone,
galaxies in clusters should be larger, not smaller than in the
field. We see this using the compactness metric: cluster
galaxies are 4σ more compact. Compact galaxies are known
to quench quickly (e.g. Dekel & Burkert 2013; Zolotov et al.
2015), so the compact galaxies we observe in J1142 and
J1426.5 are likely either already quiescent, or progenitors of
quiescent galaxies responsible for the SFR-density relation-
ship.
Since J1142 and J1426.5 are particularly massive clusters,
it is interesting to compare their population to clusters of
comparable masses at lower redshifts. Holden et al. (2007)
find that by z≈0.8 more than 90% of cluster members are
early-type galaxies, while Smith et al. (2005) find that at z≈1,
70±10% of cluster members are early-type. The fraction of
bulge dominated galaxies in J1142 (J1426.5) is 59% (55%),
which is consistent with a steady decline of the fraction with
redshift.
However, low-redshift studies are based on visual clas-
sification of galaxies, and lenticular galaxies are consid-
ered early-type. Lenticular galaxies have intermediate bulge
strengths (Dressler 1980), so depending on the prominence
of their central bulge they may not be included in our bulge-
dominated (PC1 > 1) selection. Moreover, the fraction of
lenticular galaxies is a strong function of redshift and they
may be a missing population in z > 1 clusters (Dressler
et al. 1997; Fasano et al. 2000). Considering these two fac-
tors, we can conclude that the population of bulge-dominated
galaxies is already built up in J1142 and J1426.5 clusters,
and the early-type fraction is lower than at lower redshifts
due to a lack of lenticular galaxies in our selection. How-
ever, this bulge-dominated population is not identical to el-
liptical galaxies common in local clusters: galaxies in J1142
and J1426.5 are compact, and morphologically more similar
to compact spheroids (“red” or “blue nuggets”).
5.1.1. Dependence on morphology
We separated the cluster galaxies into bulge- and disk-
dominated using PC1 = 1 as a threshold. We found a sig-
nificant difference in bulge strength, compactness and Se´rsic
index between cluster and field disk galaxies. On the other
hand, bulge-dominated galaxies are consistent in the field and
in clusters. The fact that the compact galaxies have simi-
lar morphologies in clusters and the field suggests that the
transformation mechanisms responsible for creating compact
bulge-dominated galaxies also act similarly in field and clus-
ter environments. Since there are more compact bulges in
clusters, however, this process is more effective there.
On the other hand, we found that disky (PC1 < 1) galaxies
in clusters have a significantly different morphology to disky
field galaxies: they are more compact, more bulge-dominated
and in the case of J1142, more disturbed.
Since our selection of disk galaxies is less strict than our
selection of bulge galaxies, this sample is likely a mixture of
true disks and galaxies currently transitioning into a bulge-
dominated morphology. Therefore, in cluster environment
that are actively transforming their member galaxies, this
group is expected to have a larger fraction of galaxies that are
currently transitioning towards the bulge-dominated group.
This would explain the larger average bulge strength and
compactness than in the field.
The larger disturbance in J1142 suggests that mergers
could be responsible for this transition, but the lack of larger
disturbance in J1426.5 makes this inconclusive. Alterna-
tively, Dressler (1980) shows that lenticular galaxies have
bulge-to-disk ratios that are intermediate between purely
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bulge-dominated and spiral galaxies, so the intermediate
bulge strength population could comprise of lenticular galax-
ies. However, this is difficult to confirm without color infor-
mation.
Interestingly, J1426.5 disk galaxies are more compact
than the bulge-dominated galaxies. This could be evidence
that once the galaxy becomes bulge-dominated, it passively
grows via minor mergers and becomes less compact (Naab
et al. 2009; Wellons et al. 2016), but we see no evidence of
this in J1142.
Alternatively, this could imply that disk galaxies that are
inherently more compact survive the passage through the
cluster and retain their disk morphology, while extended
disks get tidally perturbed and transform into spheroids. This
would be expected as the efficiency of tidal interactions de-
pends on the density gradient rather than mass alone (Boselli
& Gavazzi 2006). However, we do not see evidence of this in
J1142. The 2.2σ offset towards lower disturbance in J1426.5
disks also shows that this effect could be due to a poorer res-
olution of low-brightness disk galaxies.
Other studies of structural parameters of cluster galaxies
separate the galaxies into star-forming and quiescent. Since
we expect the bulge-dominated galaxies to quench quickly,
we can compare our bulge-dominated sample to the quiescent
sample of other studies. Allen et al. (2016) similarly find no
difference in either morphology or normalized radius of qui-
escent galaxies in cluster and field environments. Matharu
et al. (2018) find that quiescent cluster galaxies are smaller
by 0.08 dex, but since they use physical radii rather than
normalized ones, this effect could be a consequence that the
bulge-dominated galaxies in our clusters have lower masses
than in the field.
Socolovsky et al. (2019), on the contrary, find that star-
forming galaxies in 0.5 < z < 1 clusters have larger sizes.
However, since our selection of disky galaxies is a likely mix-
ture of disks and intermediate galaxies, and since disk galax-
ies are not necessarily star-forming in clusters (e.g. Goto
et al. 2003), the larger compactness of our disky galaxies
does not directly contradict the Socolovsky et al. (2019) re-
sult.
5.1.2. Dependence on mass
We found that massive (log10M/M > 10.5) galaxies
in the clusters are similar to massive field galaxies, whereas
lower-mass galaxies are significantly more bulge-dominated
in clusters. This shows that the cluster environment is much
more effective at transforming lower-mass galaxies than the
field, but not higher-mass ones.
Other studies of high-redshift make conflicting conclusion
on mass-dependence of environmental quenching. Cooke
et al. (2016); Lee-Brown et al. (2017); Strazzullo et al. (2019)
find that SFR-density relationship only exists at 1.58 < z <
1.72 for galaxies with M ' 1010.5M, van der Burg et al.
(2020) find that environmental quenching efficiency is 30%
for low-mass galaxies (109.8M) and 80% for high-mass
ones (1011M), while Quadri et al. (2012) finds no depen-
dence on environmental quenching efficiency on stellar mass.
On the other hand, in low-redshift clusters, low-mass and
satellite galaxies are quenched more efficiently than in the
field (e.g. Hogg et al. 2003), so it is not surprising that we also
find a higher fraction of compact low-mass galaxies. One
reason for the difference between our results and results from
high redshift SFR-density studies is that we look at galaxy
morphology, rather than star formation. We find that low-
mass galaxies have bulge-dominated morphologies, but they
might still be star-forming “blue nuggets” that have not yet
been quenched.
In terms of morphology, Gargiulo et al. (2019) find that
0.5 < z < 0.8 cluster galaxies with M < 2 × 1011M are
as compact as field galaxies, while the most massive galaxies
are less compact. This would imply that low-mass galax-
ies evolve similarly in clusters and in the field, while mas-
sive galaxies grow in size in clusters, possibly through minor
mergers (Naab et al. 2009). We don’t see evidence for this
growth in our clusters, which might indicate that the period
where minor mergers are important starts at z ≈ 1.
5.1.3. Dependence on clustercentric radius
Finally, we see no dependence of the morphology on the
clustercentric distance. If morphological transformation was
a slow process that happens from the cluster center to its out-
skirts, we would expect to still see a strong morphological
gradient. Therefore, it must either happen early enough in the
cluster’s history that the gradient is already erased, or galax-
ies transform upon infall, outside of the HST imaging area.
5.2. Quenching Mechanisms
For the remainder of this discussion, we will refer to the
mechanism that forms these compact remnants as the “trans-
formation mechanism” which is closely related to the en-
vironmental quenching mechanism, since galaxies that are
made compact rapidly quench. In this work, we are primarily
focusing on processes that transform the galaxy morphology,
and less on those that actually lead to the cessation of star
formation.
Our results can be used to constrain the possible mecha-
nism responsible for the morphology-density relationship.
The dominant transformation and quenching pathway in
galaxy clusters is still disputed, and morphology can be a
powerful tool in disentangling the proposed mechanisms, as
discussed below.
Internal Quenching. The most massive galaxies quench
their star formation early on, regardless of the environment
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(e.g. Kauffmann et al. 2003), which is also reflected in the
steep cut-off at the high-mass end of the Schechter lumi-
nosity function (Schechter 1976). Therefore red, quiescent
galaxy population is dominated by massive galaxies, while
low-mass galaxies are more commonly star forming (Baldry
et al. 2004). A variety of internal processes that occur pri-
marily in massive galaxies could lead to this bimodality.
Shankar et al. (2004) find that AGN feedback is more ef-
fective at masses greater than 1010.5M, while Martig et al.
(2009) suggest massive galaxies are quenched morphologi-
cally: due to deep potential of massive galaxies, the ISM be-
comes stable against gravitational collapse and stops forming
stars. Martig et al. (2009) show that this process is effective
at high redshift as well. In this study, we found that the most
massive galaxies in the field are more bulge-dominated than
the less massive ones, showing again the predominance of
massive galaxies in the quenching population. Massive clus-
ter galaxies are more consistent with field galaxies in terms
of bulge strength and compactness, especially in J1426.5,
therefore we see that the environment plays a lesser role than
mass in transforming massive galaxies. On the other hand,
we found that lower-mass galaxies are preferentially more
bulge-dominated in clusters, showing that the environment is
an important factor in galaxy evolution at the intermediate
mass range at 1<z<2.
Ram Pressure Stripping and Strangulation. In local
clusters, environmental quenching is achieved through ram
pressure stripping (Gunn & Gott 1972) or strangulation (Lar-
son et al. 1980). As a galaxy falls into the cluster, the hot ICM
removes cold gas from the infalling galaxy and quenches star
formation. Since the galaxy’s gas is removed and not driven
inwards, this process does not build up a compact galactic
bulge. Instead, the remnant from ram pressure stripping or
strangulation is a red galaxy with a disk or a lenticular mor-
phology. In this analysis, such remnants would appear in-
distinguishable from the field. However, we found that both
J1142 and J1426.5 clusters host more bulge-dominated, com-
pact galaxies that could not have been produced by ram pres-
sure stripping or strangulation alone. Therefore, they cannot
be the only quenching mechanisms in high-redshift clusters.
Similarly, Dressler et al. (1997) and more recently Cerulo
et al. (2017) found that z ≈ 0.5 clusters have a larger fraction
of elliptical, but not lenticular galaxies than the field. They
concluded that elliptical galaxies are built up early during
cluster formation, whereas S0s appear only after the cluster
is virialized. Balogh et al. (2016) propose that ram pres-
sure stripping is not a dominant quenching mechanism in
0.8 < z < 1.2 clusters. This agrees with our conclusion
that at 1<z<2, compact population is built up by a differ-
ent mechanism, which becomes dominated by ram pressure
stripping and strangulation at lower redshifts.
Stripping of Compact Galaxies. A similar environmen-
tal quenching mechanism has been proposed by Socolovsky
et al. (2019) based on a bathtub-type model (Bouche´ et al.
2010). In a normal galaxy, feedback from star formation and
AGN blows the gas out from the galactic disk into the cir-
cumgalactic medium (CGM), and this gas is then recycled
back into the disk. As the galaxy enters a cluster, ram pres-
sure from the ICM can further trigger the AGN, increasing
the amount of gas fed into the CGM (Poggianti et al. 2017).
The hot ICM easily strips the loosely bound gas from CGM,
therefore inhibiting recycling. Since compact galaxies have
higher star formation surface density, they expel a larger frac-
tion of their ISM in outflows (Heckman et al. 1990), so more
of their gas supply is in the CGM which is easily stripped
by the ICM. Therefore, in-situ compact galaxies would be
preferentially quenched in clusters. If this is the dominant
quenching pathway, we would expect to find that 1) quies-
cent galaxies are more compact, 2) star-forming galaxies are
more extended and 3) the overall fraction of compact galaxies
is the same as in the field. Socolovsky et al. (2019) confirms
1) and 2) by showing that red cluster galaxies at 0.5 < z < 1
are preferentially more compact than their star-forming coun-
terparts. However, our analysis does not consider the star for-
mation state of the galaxy, solely the morphology, and we see
an overall higher fraction of compact galaxies in J1142 and
J1426. The formation of compact galaxies in clusters cannot
be explained by this quenching mechanism alone, and a dif-
ferent environment-dependent mechanism must be in place
that actually makes infalling galaxies more compact.
Violent Disk Instability. To create a compact galaxy, a
physical process must create an instability in the galactic disk
to drive the gas inwards and build up the galactic bulge. A
violent disk instability (VDI) is one such proposed process
(Dekel & Burkert 2013; Zolotov et al. 2015). VDI is trig-
gered by a high flux of cold gas from the cosmic web into the
galactic disk, causing it to become unstable to perturbations
and collapsing. This would produce a prominent galactic
bulge, and lead to quenching when the central gas is expelled
via AGN and/or star formation feedback. This mechanism
would be effective in the field, but is likely suppressed in
galaxy clusters with a hot ICM. Both J1142 and J1426 have
significant X-ray emission from the ICM, so VDI is unlikely
to be effective at the redshifts we observed. However, the
supply of cold gas to clusters could have been enhanced ear-
lier during the cluster formation, before it is virialized. VDI
could have been a viable quenching mechanism at higher red-
shifts and away from the cluster center. Therefore, it might
still be responsible for building up the population of compact
galaxies we found, and even higher redshifts or protoclusters
must be studied to constrain the effect of VDI.
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Mergers. Another mechanism often invoked to produce
compact galaxies is a major wet merger (Hopkins et al.
2009a; Wuyts et al. 2010; Wellons et al. 2015). It causes
the gas of the merging galaxies to collide, lose its angular
momentum and stream to the galactic center. Therefore, the
bulge is built up, and eventually bulge gas is expelled. Due to
a high velocity dispersion (500−1000 km/s) of cluster mem-
bers, mergers are very uncommon in local clusters. How-
ever, Lotz et al. (2013) and Watson et al. (2019) find a higher
merger rate in high-redshift clusters: a 57% rate at z = 1.62
(compared to 11% in the field) and a 10% rate at z = 2 (com-
pared to 5% in the field).
If major mergers are the dominant transformation mecha-
nism in high-redshift clusters, we would expect to see 1) a
large population of compact bulge-dominated galaxies, and
2) an enhancement in merger signatures in cluster galaxies.
We do find a factor of 2 increase in the number of bulge-
dominated galaxies compared to the field, and an increased
disturbance in the J1142 cluster, but no increase in the num-
ber of projected close neighbors. J1426.5 shows the same
number of merger candidates as the field.
However, a lack of strong merger signatures in J1142 and
J1426.5 does not rule out mergers as a viable transforma-
tion mechanism. Since we already found a significant in-
crease in the number of bulge-dominated galaxies, the ma-
jority of mergers that could be responsible have already hap-
pened. Remaining merger signatures might no longer be de-
tectable in high-redshift clusters. Lotz et al. (2004) shows
that disturbance is detectable even in images with low SNR,
but Snyder et al. (2015a) shows that this traces intermedi-
ate, rather than late, stage mergers. Late stage mergers of
star-forming galaxies are detected by low surface brightness
features such as tidal tails, well traced by Asymmetry (Sny-
der et al. 2019), which is much more reliant on deep imaging
and high SNR (Lotz et al. 2004). Therefore, to constrain the
importance of mergers, we require deeper imaging of estab-
lished clusters, imaging of high-redshift clusters and proto-
clusters where mergers might still be taking place, and imag-
ing of cluster outskirts where infalling galaxies might be ac-
tively merging. In fact, we find an increase in merger signa-
tures in J1432.3 and J1432.4 that do not have an established
morphology-density relationship yet, supporting that an ear-
lier epoch of galaxy mergers might be responsible.
A challenge to the merger/VDI mechanism is that we
found that low-mass galaxies are transformed preferentially,
and neither VDIs not mergers would necessarily cause this
effect. However, it is possible to propose a mechanism in-
volving a merger/VDI where this is the case. Simulations
show that some of the merging gas builds up the bulge, and
some can reform the disk (e.g. Hopkins et al. 2009b). The
disk would not reform if the bulge gas is stripped away by
the ICM ram pressure. It is easier to strip a low mass galaxy
due to its shallow potential, so mergers or VDIs in tandem
with ram pressure stripping could lead to a higher fraction of
bulge-dominated low-mass galaxies that we observed.
Tidal Interactions. Tidal interactions between galaxies
during fly-bys can also drive the gas inwards, building up
a bulge component. However, simulations of local clusters
show that these fly-bys are too rapid, and ineffective in dis-
turbing the star-forming disk Byrd & Valtonen (1990); Fujita
(1998); Boselli & Gavazzi (2006). Although high-redshift
clusters have lower velocity dispersion implying longer in-
teraction timescales, Villalobos et al. (2014) shows the indi-
vidual encounters are inefficient even in galaxy groups, so
it is unlikely that they are important in clusters at any red-
shift. However, multiple rapid encounters known as harass-
ment can contribute to the galaxy transformation in clusters
(Moore et al. 1996).
On the other hand, interaction of a galaxy with the cluster
potential could be sufficient to drive the gas radially into the
bulge Byrd & Valtonen (1990); Valluri (1993). The gas can
be tidally driven inwards for a sufficiently large perturbation
parameter, defined as
Pgc = (Mc/Mg)(rg/R)
3
where Mc and Mg are masses of the cluster and a galaxy,
rg is the radius of the galaxy and R is the distance of that
galaxy to the cluster center. Byrd & Valtonen (1990) show
that such tidal perturbations are effective for Pgc ≥ 0.006 −
0.1. Boselli & Gavazzi (2006) provide a simple estimate for
the Coma cluster, and show that the cluster potential is strong
enough to cause inflows in the infalling galaxies.
We can repeat this estimate for J1142 and J1426.5 clusters.
We parameterize the cluster mass as Mc = M c14 × 1014M,
the galaxy mass as Mg = M
g
10 × 1010M, where M c14 =
4 ∼ 11 and Mg10 = 0.1 ∼ 10. We use the average radius
of a field galaxy, 3 kpc. For the clustercentric distance, we
use the typical size of the HST image, 500 kpc, since the
morphology-density relationship appears to exist everywhere
in the imaged region. Then the interaction efficiency is
Pgc ≈ (M c14/Mg10)× 0.002
Plugging in M c14 = 4 for the J1426.5 cluster, we see that
Pgc only exceeds 0.006 for galaxies with M10 < 1.1. On
the other hand for J1142 cluster with M c14 = 11, Pgc ex-
ceeds 0.006 for M10 < 4. Therefore, we would expect that
only lower-mass galaxies are tidally perturbed in J1426.5,
whereas low- and high-mass galaxies are affected in J1142.
This is indeed what we found in Sec. 4.2.
Tidal interaction with the cluster potential is an attractive
candidate for the environmental quenching mechanism for
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multiple reasons. 1) It is capable of forming our observed
compact, bulge-dominated galaxies. 2) It is more effective
for low-mass galaxies, since massive galaxies are stabilized
by their self-gravity. This explains our finding that low-mass
galaxies are transformed preferentially in clusters. 3) Since
this mechanism is more effective at perturbing more extended
objects, it would explain our result that surviving disks in
J1426.5 are extremely compact. And importantly, 4) this
mechanism is unique to cluster environments. Unlike with
other mechanisms, such as VDI and mergers, we don’t need
to invoke an additional reason as to why it’s more effective
in clusters than in the field.
However, tidal interactions would likely result in a strong
gradient of the morphology-density relationship, since the
cluster potential is deeper in the cluster center, and we do not
observe such a gradient. Moreover, the interaction efficiency
estimate of 0.006 was derived from older studies, when the
entire cluster potential was not simulated at all to allow better
resolution for the galactic disk. Although tidal interactions
are shown to be important, careful modelling is required to
determine whether they lead to radial inflows and the build-
up of galactic bulges. More recently, Villalobos et al. (2012)
showed that this is not the case in collisionless N-body sim-
ulations of groups. To confirm whether tidal interactions are
be important, it is crucial to repeat the efficiency a measure-
ment with new, state-of-the-art hydrodynamical simulations
of galaxy clusters, such as Illustris (Vogelsberger et al. 2014),
EAGLE (Schaye et al. 2014; Crain et al. 2015), The Three
Hundred Project (Cui et al. 2018) and others.
Pre-processing. Group pre-processing is an emerging, but
important mechanism that could cause a morphology-density
relationship in clusters. Cosmological simulations show that
at z ≈ 2 clusters consist of a ∼10 Mpc wide network of
smaller galaxy groups, that will merge into the cluster halo
by z ≈ 0 (Muldrew et al. 2015). Therefore, Muldrew et al.
(2015) and Hatch et al. (2016) argue that the evolution of an
infalling galaxy in the group stage is important, and signifi-
cant pre-processing may occur there. Dressler et al. (2013)
also find that a substantial number of galaxies infalling in the
0.3<z<0.5 clusters is being pre-processed in groups. Galaxy
groups are smaller, less massive and have lower velocity dis-
persions. Therefore, they are less hostile to VDI and galaxy
mergers, while tidal interactions could still be important.
We see that the morphology-density relationship is already
established evenly within the 500 kpc imaged region of the
J1426.5 and J1142 clusters. Since the clusters are young, if
the relationship established inside-out (i.e. via tidal forces), it
would have to happen very rapidly. On the other hand, group
pre-processing suggests that the bulge-dominated galaxies
are already formed in groups when the galaxies infall. This
would produce a flat morphology-density gradient on the
scales that we observe. To further investigate the effect
of group pre-processing in the cluster outskirts, wider-field
imaging of the cluster is necessary.
5.3. J1432.3 and J1432.4 clusters
Another interesting probe into the origin of the morphology-
density relationship is the J1432.3 and J1432.4 pair that hosts
galaxies consistent with the field.
J1432.3 is not detected in X-ray, although it has been ob-
served by Chandra GO 10457 (PI: Stanford) in the same
pointing as J1432.4. Moreover, out of 30 members detected
for J1432.3, only 8 are within 500 kpc of the cluster center.
Such a low galaxy number density, a lack of both a substan-
tial hot gas reservoir and a morphology-density relationship
all suggest that this is still a protocluster or a group.
As discussed above, studying groups and proto-clusters is
essential to further constrain the mechanism that forms com-
pact galaxies in clusters. J1432.4 shows a 4.1σ enhancement
in average asymmetry, and 30% of the cluster galaxies have
A > 0.2 compared to 7+6−4% in the field, indicating a much
higher merger rate than in the field. Therefore, this cluster
suggests that mergers are important in such young dense en-
vironments.
On the other hand, J1432.4 is a cluster with a detected
ICM component, a mass of (2.5 ± 0.5) × 1014M and an
established red-sequence. Judging by this, J1432.4 appears
to be in a similar evolutionary stage to J1142 and J1426.5.
I is surprising that this cluster shows no evidence of the
morphology-density relationship. If this difference is indeed
physical, rather than an observational effect, there must be a
factor other than cluster mass or a presence of hot ICM that
determines galaxy evolution within the cluster.
Determining whether a group of galaxies forms a cluster
or a protocluster is difficult, and the lack of a morphology-
density relationship can suggest that J1432.4 might still
be in the process of assembly. Since the cluster shows
high mass, red sequence and X-ray emitting ICM but no
morphology-density relationship, the timescales that govern
the morphology-density relationship and other metrics of
cluster establishment must differ. If that is the case, mor-
phology can be another powerful probe in quantifying the
evolutionary stage of a cluster.
However, this cluster has the most shallow exposure of
2, 611s per pointing out of all four clusters, and the cluster
membership is determined via red sequence selection rather
than photometric redshifts. This adds significant uncertainty
in our analysis of J1432.4 galaxies. First, the imaging might
not be sufficiently deep to resolve concentrated bulge light
and diffuse disks. Secondly, red sequence selection can in-
troduce contamination from the field, therefore reducing the
signal of the morphology-density relationship.
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Finally, these two clusters exist in a rare context. J1432.4 is
only separated from J1432.3 by 3′ (1.5 Mpc) on the sky, and
by ≈ 73 Mpc in 3D space. High-redshift clusters are bet-
ter described as extended network of groups, often sprawling
on a 30 ∼ 40 Mpc scale (Muldrew et al. 2015), which will
then infall into the main cluster halo. Therefore, there is a
significant chance that the group populations of J1432.4 and
J1432.3 overlap. Moreover, at high redshift, forming clusters
are embedded in a complex web of filaments (Cautun et al.
2014), so a filament could connect these two clusters. Lastly,
due to innate uncertainties in photometric and red-sequence
membership estimation, the sample population of J1432.4 is
certainly contaminated by J1432.3 and filamentary galaxies.
All these factors make J1432.4 and J1432.3 an incredibly
complex system to study and could explain why J1432.4 ap-
pears to be inconsistent with J1142 and J1426. Contamina-
tion from the cosmic web galaxies and J1432.3 could erase
the signal from the morphology-density relationship, so a
thorough statistical decontamination is required to study this
system. Moreover, the imaging depth of J1432.4 is signif-
icantly shallower compared to other clusters, and morphol-
ogy estimates might be insufficiently accurate. Therefore,
additional imaging of this region is necessary to make con-
clusions about these clusters.
Finally, and perhaps most curiously, the interaction be-
tween the two clusters could potentially lead them down a
very different evolutionary path. If a filament connects the
two clusters, the gas inflow along the filament may fuel ad-
ditional star formation in these clusters and maintain disk-
dominated, star-forming galaxies. Chen et al. (2017) show
that galaxies along cosmic filaments have larger sizes than
field galaxies. We similarly find that J1432.3 has an aver-
age galaxy size of 3.4+0.2−0.1 kpc, slightly larger than 3.1± 0.4
kpc in the field, and J1432.4 galaxies have an average size
3.8+0.1−0.1 kpc, larger than the field average of 3.0
+0.4
−0.3 at a 3.6σ
level. Therefore, studying the evolution of this cluster inde-
pendently of J1432.3 is impossible, and they need to be care-
fully considered together instead. A deep study of these two
clusters and the region between them is necessary to shed
light on structure formation as well as morphology-density
relationship in this unique setting.
6. CONCLUSION
We studied the morphology of galaxies in 4 1 < z < 2
galaxy clusters using deep HST imaging and open-source
morphology code STATMORPH.
First, we established that a morphology-density relation-
ship exists as far back as z = 1.75. Two out of four galaxy
clusters studied have a 50% fraction of bulge-dominated
galaxies, and an enhanced average bulge strength at a more
than 3σ significance level. This means that the population of
spheroidal galaxies is built up very early in the Universe in
sufficiently dense environments.
We also found that in these two clusters, there are more
compact galaxies than in the field. Therefore, there must
be some environment-dependent mechanism that not only
quenches galaxies, but also transforms them into compact,
bulge-dominated remnants. It is unlikely to be the same
environmental quenching mechanism as in the local Uni-
verse, such as ram pressure stripping or strangulation, since
they would not result in the formation of compact, bulge-
dominated galaxies.
Finally, we saw that it is the lower-mass (log10M/M <
10.5) galaxies that are preferentially quenched in clusters, es-
pecially in J1426.5. This shows that on the higher mass end,
mass quenching is still the dominant process and is indepen-
dent of the environment; whereas on the low mass end, envi-
ronmental quenching is important.
We found no evidence of a gradient in the morphology-
density relationship, at least within the∼500 kpc HST region
that we studied. Therefore, the quenching mechanism is un-
likely to act from the inside-out on a smaller scale than 500
kpc.
All these factors point to an environmental quenching
mechanism that 1) is enhanced in dense environments, 2)
transforms a galaxy’s morphology to a compact bulge, 3) af-
fects preferentially low mass galaxies, and 4) is effective out
to at least 500 kpc from the cluster center.
Tidal interactions with the cluster’s potential fit require-
ments 1)-3). VDIs and wet mergers could fit these require-
ments as well, but assumptions need to be made to explain
an enhanced rate of these events in clusters and the prefer-
ential quenching of low-mass galaxies. Finally, group pre-
processing fits all of the above requirements, especially con-
sidering that the majority of cluster galaxies goes through a
group stage at some point (Muldrew et al. 2015).
In addition, we found a rare z≈1.45 cluster complex
formed by J1432.3+3253 and J1432.4+3250 clusters that
are separated by ≈73 Mpc. These two clusters show no ev-
idence of the morphology-density relationship, but J1432.4
shows an increased asymmetry, implying a high merger rate,
and possibly the beginning of morphological transformation
of the cluster’s galaxies.
Since J1432.4 is a relatively massive cluster with a hot
ICM and a red sequence, the lack of the morphology-density
relationship in J1432.4 could indicate that this relationship
depends more than on the cluster mass or ICM, and shed light
on the physical process responsible. If that is the case, galaxy
morphology could act as another metric of cluster establish-
ment in addition to cluster mass, and become a useful tool in
proving the evolutionary state of a cluster or a galaxy cluster.
However, J1432.3 and J1432.4 form a complex cluster sys-
tem, where cluster membership could be contaminated both
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by the other cluster and any filaments connecting them. Evo-
lution of galaxies in the filaments could also proceed differ-
ently from groups or clusters. A further study of this complex
will most certainly shed light on questions regarding struc-
ture formation and galaxy evolution in the most extreme en-
vironments in the Universe.
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APPENDIX
A. SAMPLE GALAXIES SPANNING PCA SPACE
We use PCA to classify galaxy morphology, as shown in Sec. 3.3. The first principal component, PC1, represents the bulge
strength of the galaxy and correlates with Se´rsic index. The second principal component, PC2, is shown to indicate a recent
merger if high (Lotz et al. 2004). A low PC2 indicates a diffuse morphology. The mosaic below shows HST images of some
galaxies from either one of the 4 clusters in Tab. 1. We used a square root scaling to highlight low-brightness features, such as
merger signatures. Note that because of the scaling, the bright cores of high-PC1 galaxies are de-emphasized.
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Figure 11. Example Distribution of the morphological statistics outlined in Sec. 3.2 for each cluster in Table 1. Three distributions are
shown: spectroscopic cluster members (dark red), photometric members (light red) and the control sample (grey). Dotted grey lines indicate
the distribution median for cluster members (red) and the control sample (grey).
THE MORPHOLOGY-DENSITY RELATIONSHIP IN 1 < z < 2 CLUSTERS 25
B. GALAXIES FLAGGED BY STATMORPH
STATMORPH provides a quality flag for galaxies where the computed morphologies are unreliable. Generally, few galaxies are
flagged, and the total number of flagged galaxies for each cluster is summarized in Table 1. The primary reason a galaxy would
be flagged is if its surface brightness is too low, and therefore the random noise from the background dominates the galaxy light,
causing the segmentation map to be irregular. An image can also be flagged if it contains two nearby but not overlapping
objects, while the segmentation map falsely identifies them as a single galaxy.
Figure 12 shows a sample of flagged galaxies from this study.
5" 5" 5" 5" 5"
Figure 12. A sample of galaxies flagged by STATMORPH as having unreliable morphology measurements. Most galaxies are too dim, and
therefore their segmentation maps are dominated by the random background fluctuations. The fourth galaxy is bright, but is located at the edge
of the HST pointing, and therefore the galaxy image is cut off.
In addition, STATMORPH provides a Se´rsic flag when non-parametric morphologies were computed successfully, but a Se´rsic fit
failed. This can happen in disturbed galaxies, when the stellar light is not well-described by a 1-component Ser´sic fit.
C. MAGNITUDE-MATCHED CONTROL SAMPLES
As described in Section 3.5.1, we need to construct control samples that are free of both redshift bias, and a mass assembly bias
caused by a larger average mass of cluster galaxies. We construct control samples that match cluster redshift within ∆z = 0.25.
Using H-magnitude as a proxy for stellar mass, we then select control galaxies as to match the cluster magnitude distribution. To
do so, we fit a Gaussian KDE to the cluster distribution, and select sample control galaxies to match the KDE. Figure 13 shows
the initial cluster and field distributions (top) and the resulting distributions after magnitude-matching (bottom) for all 4 clusters
studied.
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Figure 13. Top: H-magnitude distribution of cluster galaxies (dark grey) and CANDELS field galaxies (light greys) redshift-matched within
∆z = 0.25. The dark grey line shows a Gaussian KDE fit to each cluster distribution. A clear mass assembly bias is seen, with field galaxies
being on average dimmer than cluster galaxies. Bottom: the same cluster H-magnitude distribution (dark grey), and a magnitude-matched
CANDELS field distribution (light grey) for each cluster. 40,000 iterations of this magnitude-matching are performed to construct the Monte
Carlo control ensemble.
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Table 4. Median morphological parameters from all cluster and field samples
Parameter J1142+1527 Control J1432.3+3253 Control
Bulge Strength 1.173+0.075−0.090 0.449
+0.144
−0.143 −0.020+0.300−0.154 0.339+0.263−0.272
Compactness 8.666+0.041−0.075 8.228
+0.071
−0.073 8.220
+0.140
−0.099 8.319
+0.148
−0.117
Disturbance 0.133+0.074−0.059 −0.192+0.065−0.060 0.095+0.134−0.255 −0.138+0.117−0.115
Magnitude 21.986+0.052−0.148 21.937
+0.151
−0.149 21.980
+0.288
−0.122 22.120
+0.196
−0.188
Se´rsic Index 2.941+0.140−0.256 1.527
+0.184
−0.159 1.070
+0.081
−0.184 1.514
+0.347
−0.294
Concentration 2.927+0.047−0.048 2.760
+0.047
−0.040 2.686
+0.085
−0.096 2.724
+0.081
−0.069
R0.5,Se´rsic (kpc) 1.951+0.251−0.132 3.212
+0.273
−0.245 3.432
+0.137
−0.124 3.124
+0.459
−0.414
Asymmetry 0.050+0.005−0.005 0.068
+0.006
−0.006 0.136
+0.023
−0.060 0.069
+0.015
−0.011
M20 −1.737+0.012−0.020 −1.704+0.020−0.021 −1.636+0.014−0.036 −1.679+0.034−0.038
Gini 0.524+0.012−0.005 0.493
+0.006
−0.006 0.487
+0.006
−0.009 0.490
+0.011
−0.010
Parameter J1432.4+3250 Control J1426.5+3508 Control
Bulge Strength 0.013+0.231−0.132 0.141
+0.127
−0.119 1.214
+0.186
−0.374 0.282
+0.226
−0.231
Compactness 8.203+0.057−0.091 8.262
+0.052
−0.072 8.882
+0.184
−0.143 8.444
+0.125
−0.115
Disturbance 0.065+0.078−0.082 −0.110+0.065−0.052 −0.210+0.057−0.062 −0.042+0.116−0.095
Magnitude 22.544+0.086−0.097 22.537
+0.092
−0.095 22.534
+0.085
−0.284 22.455
+0.161
−0.165
Se´rsic Index 1.243+0.060−0.073 1.294
+0.149
−0.096 2.631
+0.106
−0.217 1.609
+0.332
−0.286
Concentration 2.652+0.033−0.038 2.679
+0.031
−0.030 2.881
+0.086
−0.049 2.717
+0.070
−0.058
R0.5,Se´rsic (kpc) 3.760+0.132−0.244 3.041
+0.184
−0.206 1.901
+0.156
−0.043 3.023
+0.407
−0.344
Asymmetry 0.044+0.003−0.009 0.065
+0.006
−0.006 0.051
+0.006
−0.009 0.065
+0.013
−0.011
M20 −1.613+0.013−0.038 −1.654+0.019−0.015 −1.803+0.026−0.028 −1.658+0.038−0.036
Gini 0.494+0.006−0.006 0.486
+0.005
−0.005 0.513
+0.004
−0.008 0.491
+0.009
−0.008
D. INDIVIDUAL MORPHOLOGY DISTRIBUTIONS
Morphology parameters outlined in Section 3.2 are calculated for each galaxy in each cluster. As described in Sec. 3.5, the
median of the distribution for each cluster is compared to the median of 40,000 Monte Carlo iterations of a field sample of equal
size. Figure 14 shows the raw underlying distributions for a subset of parameters: Concentration, Asymmetry, Se´rsic index,
Se´rsic effective radius, Bulge Strength and Disturbance. Cluster galaxies are shown in red, and the control sample in grey.
It is clear from the plots that the distribution of morphologies in each cluster is wide, and no cluster is dominated by any one
galaxy type. However, in the case of J1426.5 and J1142, it is clear the the distributions of bulge strength and Se´rsic index are
offset, and comes from a qualitatively different population. On the other hand, the same distributions in J1432.3 and J1432.4
match the field galaxies closely.
E. MEDIAN MORPHOLOGY VALUES FOR FIELD AND CLUSTER GALAXIES
In Table 4 we provide mean values for each morphological parameter measured in the field and cluster galaxies. For the field
galaxies, we take the population median of the distribution of medians of 40,000 simulated control samples. The uncertainty on
the population median is given by the 16th and 84th percentiles of the median distribution. For the cluster galaxies, since Monte
Carlo sampling of the cluster sample is unfeasible, we took the cluster median, and bootstrapped the cluster sample 40,000 times
with replacement to obtain the 16th and 84th percentiles of the cluster median distribution.
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Figure 14. Distribution of the morphological statistics outlined in Sec. 3.2 for each cluster in Table 1. Three distributions are shown:
spectroscopic cluster members (dark red), photometric members (light red) and one iteration of magnitude- and redshift-matched control
sample (grey). Dotted grey lines indicate the distribution median for cluster members (red) and the control sample (grey).
